Abstract-This paper investigates the energy spectrum of photon signatures from an associated particle imaging deuterium tritium (API-DT) neutron generator interrogating shielded uranium. The goal is to investigate if signatures within the energy spectrum could be used to indirectly characterize shielded uranium when the neutron signature is attenuated. By utilizing the correlated neutron cone associated with each pixel of the API-DT neutron generator, certain materials can be identified and located via source correlated spectrometry of prompt neutron activation gamma rays. An investigation is done to determine if fission neutrons induce a significant enough signature within the prompt neutron-induced gamma-ray energy spectrum in shielding material to be useful for indirect nuclear material characterization. The signature deriving from the induced fission neutrons interacting with the shielding material was slightly elevated in polyethylene-shielding depleted uranium (DU), but was more evident in some characteristic peaks from the aluminum shielding surrounding DU.
I. INTRODUCTION
T HIS paper investigates the gamma rays that are induced by 14-MeV deuterium tritium (DT) source neutrons, correlated in time and direction to the source neutron by the associated particle imaging (API) method, and detected by a gamma spectrometry detector.
The goal is to investigate if any signatures related to fission interactions in uranium appear in the photon energy spectrum for low-Z shielded uranium. For a low-Z shielding material, such as polyethylene, the neutron signatures are potentially attenuated too greatly to be usable for analysis. This is particularly true for fast neutron detection, which typically cannot detect fission neutrons after a single scatter with hydrogenous material due to high detector thresholds. However, gamma rays travel through low-Z material with low rates of attenuation. If the neutrons released from a fission chain would induce inelastic scattering gamma rays that show up in the energy spectrum, the signature could potentially be used to indirectly identify and characterize highly shielded uranium. The interaction cross section is small for fission energy neutrons' inelastic scattering in many materials so the noise has to be low, which is why the API technique is employed.
In this investigation, the shielding materials investigated are polyethylene and aluminum. Polyethylene is of interest because it is an effective neutron moderator, and the carbon has a relevant characteristic gamma ray induced from the first excitation of the (n, n ) interaction. Aluminum is a less effective neutron moderator, but it has several prompt neutron-induced characteristic gamma rays, providing more opportunity to look for signs of fission neutron-induced signature.
In order to investigate this potential signature, it is first necessary to demonstrate the ability of this API prompt gamma spectrometry technique to identify materials in a narrow field of view, such that there is low interference from the surrounding material. This is important because carbon and aluminum are common elements, and it is necessary to prove that the signature is from the inspection object, instead of surrounding materials. The chain of events that needs to occur for this signature has a low probability of occurring, meaning that we are looking for a weak signature, and the ability to precisely separate out the desired signature from background is necessary.
After understanding this technique's ability to focus on an inspection object, it is then necessary to observe the source correlated gamma-ray signature that is detected from shielded uranium. However, since the source neutrons also induce gamma rays within the shielding material, it is necessary to separate out the signature induced from just the fission neutrons. Measurements comparing shielded depleted uranium (DU) and a matching configuration of shielded tungsten were analyzed to look for evidence of fission neutron-induced characteristic gamma rays. Since tungsten has a similarly high density as uranium, it serves as a nonfissioning surrogate material.
II. THEORY
The physical mechanism behind this technique is to bombard a material with fast neutrons, which excite the nuclei via various interactions and cause the release of gamma rays with energies that are characteristic of the nuclear structure of the isotope. The detection of these characteristic gamma rays can then be used for material identification. Different techniques utilize different types of neutron interactions, which 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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dictates the neutron energy and the detection time frame used. Since this research focuses on the API technique with 14-MeV neutrons, only gamma rays that reach the detector within a small time window of the source particle detection (tens of nanoseconds) will be included in the final gamma-ray energy spectrum, which primarily limits the relevant interactions to inelastic scattering. The nature of the technique requires gamma rays from interactions with high cross sections and/or high energy characteristic gamma rays, since the low interaction probability and geometric efficiency lead to low detection rates of relevant gamma rays. These qualifications limit the materials that can be identified using this technique. A good resource for gammaray energies and cross sections induced by 14-MeV neutrons for various isotopes can be found in the International Nuclear Data Committee (INDC) report [1] .
For carbon, the 14.1-MeV inelastic scattering macroscopic cross section in polyethylene is about 0.009 cm −1 [1] , [2] . Since fission neutrons span an energy range and several neutrons are released per fission, the probability per centimeter of polyethylene per fission interaction that an inelastic scattering gamma ray will be produced in carbon is
where ν is the average number of neutrons produced from a 14.1-MeV-induced fission, M is the fission chain multiplication, and the summation is equal to the inelastic cross section for polyethylene weighted by the probability of a fission neutron being produced at that energy, over the relevant energy range (P n E is calculated via a Watt spectrum). Plugging in cross-sectional data from ENDF [2] , this value ends up being about 0.003 cm −1 per fission for DU shielded by polyethylene.
For the DU casting used in these measurements, the probability of the 14.1-MeV neutron inducing a fission is roughly 18%. There will be significant differences in the transport of the source neutrons through the inspection object compared to the fission neutrons through the shielding material. However, based on these cross-sectional values, it is expected that a couple of percent of the gamma rays seen in the characteristic carbon peak will have been induced by fission neutrons.
III. RELEVANT LITERATURE
The use of a DT neutron generator for active interrogation followed by prompt gamma-ray spectrometry to identify unknown materials for security applications has been done by a few groups, usually for nondestructively identifying materials in explosives [3] - [5] . In many instances, the gamma rays are not correlated with a source, but are collected over the whole measurement time [6] , [7] . Other groups utilize the timing characteristics of the source to inform the gamma-ray energy spectrum; for example, the pulsed fast/thermal neutron analysis technique uses a pulsed generator to collect gamma rays from inelastic scattering when the neutron pulse is on, and prompt gamma rays from absorption of neutrons when the pulse is off [6] . The advantages of using the API method for prompt gamma-ray spectrometry are the high level of background suppression and the ability to localize the signatures emitted from a specific field of view. Particularly for common elements (e.g., carbon, oxygen, and aluminum), the ability to use the spatial and timing information to separate out the gamma rays derived from the inspection object, as opposed to surrounding materials, is very advantageous. The disadvantage of using API-DT generators for this technique is the limitations in the maximum neutron flux for these systems compared to other portable neutron generators, leading to potentially longer measurement times.
The three main systems in the open literature that use an API-DT generator to generate source correlated prompt gamma-ray spectra for material identification purposes are EURITRACK, UNCOSS, and SENNA. EURIT-RACK [8] , [9] was designed to investigate large cargo containers; UNCOSS [10] was designed for underwater explosives detection; and SENNA [11] was designed for boxes and luggage. Based on the open literature, all the three systems were built for nondestructive explosives detection, though EURITRACK also performed some investigations with nuclear material [4] . Therefore, the previous work differs from the work presented here, which focuses on combinations of nuclear material with shielding material and differentiating nearby materials on a finer scale.
IV. EXPERIMENTAL SETUP
The API-DT neutron generator used for these measurements is a VNIIA ING-27 generator with a continuous flux rated to go up to 10 8 neutrons/s. Owing to limitations on personnel dosimetry in the laboratory space, the generator was run at a maximum of around 10 7 neutrons/s. This model of neutron generator has a built-in segmented Si alpha detector. The segmented detector is a line of 15 pixels, each 6 × 6 mm 2 in size. [12] The HPGe detector used was an Ortec Gamma-X N-type coaxial "pop-top" model detector cooled by liquid nitrogen. The signal from the detector anode was run directly into a CAEN 5724 4 channel 14-bit 100-MS/s digitizer, and collected using the CAEN pulse height analysis control software (DPP-PHA). Fig. 2 . Correlation of the induced radiation detected in the HPGe detector following a detection in the specified alpha pixel. The pulse magnitude decreases from one pixel to the next primarily due to self-attenuation in the object, such that gamma rays induced in the object that are correlated with pixel 6 need to travel through much of the inspection object to reach the detector.
The signals from alpha pixels 6, 7, and 8 were input into three of the digitizer channels, along with the HPGe signal. Target objects were placed about 55 cm away from the front of the generator, with the detector placed to the side. The HPGe detector had a tungsten cone 30.5 cm long and lead bricks between the generator and the Ge crystal to shield the crystal from the source neutrons. There was also a lead shield that surrounded the Ge crystal for additional shielding. With this level of shielding, it was determined that the detector damage from the DT generator would be insignificant. 1 The setup can be seen in Fig. 1 .
The field of view of the pixels of the alpha detector is plotted and placed onto the experimental setup image in Fig. 1 to illustrate the orientation of the correlated neutron cones. The three pixels used for these measurements span about a 20 horizontal field of view. All the targets were placed within this field of view. The DPP-PHA CAEN software converts the pulses into triangular waveforms based on the user inputs. The pulse height of the triangular waveform is proportional to the energy deposited in the detectors and is recorded for spectrometry. The data were output in list mode, which included all timing and pulse height information for events that exceeded a user defined threshold. A post-processing program determined the correlations between the alpha pixel source pulses and the HPGe-induced radiation pulses based on the timing information. The user can define a correlation time window, which defines the region of the true correlatedinduced radiation.
In order to determine an appropriate correlation window, a correlation plot is created to show the rate of gamma rays 1 In these initial measurements, the HPGe detector was about 65 cm away from the source, which reduces the flux reaching the 7 cm diameter and 9-cm-long detector crystal to around 0.1% of the total flux based on a solid angle. The shielding of a 30-cm cone of tungsten and an additional 10 cm of lead further reduces the source neutron flux to around 0.06% of the original flux reaching the crystal, based on an MCNP calculation. This leads to a negligible level of source neutrons reaching the detector crystal. Neutrons originating from the inspection object will be lower energy neutrons than the source neutrons, so the damage level will be less severe. This is a low enough dose rate to the crystal so that detector damage will be a significant problem for these purposes. detected in time bins relative to the time of the source event. Fig. 2 shows the peak from the induced radiation following the source event for each alpha pixel. The true signature is estimated to be from 220 to 590 ns based on the plot in Fig. 2 . 2 Fig . 3 shows the pulse height spectrum of the alpha pulse. This pulse height spectrum is not useful for the analysis because the alpha pulses serve only as a trigger, but is shown here to illustrate how this technique essentially removes accidental correlations from the spectra. The top blue line shows the pulse height distributions of all the alpha pulses for the uncorrelated pixels recorded during this 30-min measurement. The main peak corresponds to true alpha pulses (around channels 475 up to 2500), while the lower energy tail corresponds to electronic noise and X-rays that are not correlated with a source event.
When looking at the correlated alpha counts (red line in Fig. 3) , it is immediately obvious that the total number of correlated alpha pulses is a small percentage of the total number of alpha pulses. There is a low probability that a source 14-MeV neutron will create prompt gamma rays in the target object, which make it into the small detector crystal and then deposit enough energy to exceed the threshold. Therefore, this severe reduction in alpha counts is understandable.
Note that in the red line in Fig. 3 , there are still some low pulse height counts in the correlation plot that are not true alpha pulses. This implies that there is a small rate of accidental correlations. This is not very surprising when looking back at Fig. 2 and noticing the background rate of around 1.5 counts/min/ns after the source event. In order to subtract out this background contribution, a correlation window of the same size is taken in a background region of the correlation plot (starting at 1 μs), and the pulse height spectrum from this region is subtracted from the correlated pulse height spectrum.
The results of this process are shown in Fig. 3 by the green plot. In this background subtracted spectrum, it appears 2 The absolute difference in time between the source event and the beginning of this peak does not represent the time-of-flight in this case, because it includes differences in the cable lengths and pulse processing and detector properties. The time-of-flight information was not needed for this analysis. that the accidental correlation rate is essentially nonexistent, meaning that the spectrum will be made up of true correlated prompt radiation, though much of it is still true correlated background. It is clear that this method is an excellent way to reduce the background, in spite of the significantly reduced count rate.
V. MEASUREMENTS

A. Characterizing the Capabilities of the Experimental Setup
Before investigating the main signature of interest, it is necessary to establish the following.
1) The signatures in the correlated spectra are from the target object alone, and not from the surrounding material. 2) The shielding material signatures can easily be detected in a reasonable amount of time. 3) Enriched uranium would not add a significant background to the spectra to interfere with the characteristic gamma-ray signatures.
1) Identification and Localization of Material:
The first goal is to verify that this setup could be used to identify characteristic gamma rays above the background and in a specified region without significant contributions from adjacent materials. A different material was put into the field of view of each pixel side by side to see how well this technique could be used to identify and differentiate these objects. As shown in Fig. 1 , an aluminum annular cylinder was placed in the view of pixel 8, a graphite brick was placed in front of pixel 7, and a container of water was in view of pixel 6. For all the measurements, the DT neutron generator continuously outputs between 9×10 6 and 1×10 7 neutrons/s. A measurement was taken for 60 min. Table I gives the characteristic gamma rays of some materials present in this section.
The results of the measurement are shown in Fig. 4 . In the total spectrum, shown in black, it is clear that a variety of materials are present; contributions from all the three target objects are clear. There is also evidence of the lead shielding (2.62 MeV) and iron in structural materials (1.24 and 0.85 MeV), even though these materials are not prevalent in the target object. Aluminum is present, but it could be from either the table or the inspection object (3.00 MeV).
By correlating the HPGe detector to each alpha pixel, it is clear which material is in the field of view. The spectrum correlated with pixel 8 is shown in green, which was aimed at the aluminum target. The aluminum peaks are easy to identify, and are the strongest signatures (besides the large 511 keV peak). The blue spectrum is correlated with pixel 7, which was aimed at graphite. The resolution of the carbon peak (4.44 MeV) is noticeably worse than the other peaks, 3 making the peak not as clear, but definitively above background, along with the first escape peak (3.93 MeV). The red spectrum correlated with pixel 6, which was aimed at the container of water, is the most difficult to see. This is due to both the attenuation from the other two objects and the low efficiency of HPGe, especially for high-energy photons. Despite this, it is still possible to identify the 6.13-MeV-gamma-ray peak from oxygen, as well as its first escape peak at 5.62 MeV.
It is very impressive how well the nearby objects are filtered out of these pixel correlated spectra. Although the objects are right next to each other, and the pixel views overlap slightly, it is very clear what the predominant material associated with each pixel is. The contribution from the adjacent materials in the spectra is hardly even discernible. The downside of this technique, again, is the very low count rates in the relevant source correlated energy peaks. The best way to combat this problem would be to add additional HPGe detectors to the setup or increase the source neutron rate.
2) Time to Detect: Given the large reduction in total counts when using this method, the amount of time required for a measurement could be a concern. For this technique to be useful, the relevant peaks must be detectable within a few minutes to a few hours, depending on the application. A summary of the previous measurement is shown in Table II . In this table, the integrals of the peaks of interest for each material are given for both the correlated and total spectra, along with the uncertainty information, in units of counts per minute (CPM). Spectra from the background time region were subtracted from each integral, and included in the uncertainty determination. The peak to background (BG) ratio is also given for each gamma-ray energy peak, which is the counts in the highest count channel divided by the average of the background on either side of the peak. Using the count rates and background rates for each gamma-ray peak, the amount of time required for the counts to exceed the detection limits, as defined in [13] , was determined.
The results in Table II highlight the strengths and weaknesses of utilizing the peaks from the source correlated spectra versus those in the total spectra. The BG ratios are significantly higher for the source correlated spectra, which makes sense considering how effective this method is at reducing the background. Comparing the count rates, the time to detectability is always significantly shorter for the peaks in the total spectrum due to the higher counting statistics. However, many of the peaks in the source correlation method are still detectable in less than 10 min. The oxygen peaks in water were the most difficult of those studied. However, it is important to remember that the field of view was small (around 3 ), and the attenuation high for that measurement.
Again, the main benefit of the source correlation method is not quantifiable in Table II , which is that the nonrelevant peaks drop out of the spectra, making it easier to determine what isotopes are present in the target object.
3) Investigating Signatures From Shielded Uranium: Now that it has been well established that the correlated spectra are effectively seeing the target material and not adjacent materials, the signature from the uranium shielded by polyethylene and aluminum is investigated. Each measurement of the DU casting surrounded by 5 cm of shielding was taken for 30 min. The results plotted in Figs. 5 and 6 include the total spectrum taken by the HPGe detector during each 30-min measurement, as well as the source-correlated HPGe spectrum. Again, by excluding all data outside of the correlation window, the count rates drop dramatically. For these particular spectra, the main carbon peak (4.4 MeV) and its escape peaks will be the signatures that identify the presence of the polyethyleneshielding material. The hydrogen present in the polyethylene does not have a prompt activation signature. The strong presence of the 2.22-MeV peak in the total spectrum is due primarily to thermalized neutron interactions with hydrogen, but these gamma rays are not present in the prompt time region. However, the 4.44-MeV peak from carbon and its first escape peak at 3.93 MeV are present in both the total and correlated spectra in Fig. 5 .
For the aluminum-shielded DU, there are several characteristic gamma rays labeled in Fig. 6 , which are the strongest among the many aluminum characteristic gamma rays. Again, they unambiguously show the presence of aluminum in the correlated neutron region, which has few other peaks.
Again, various elements are evident in the total spectrum, but the most prevalent signature of the correlated spectra are the relevant characteristic gamma rays in the target object.
4) Simulations of Varying Enrichment:
Simulations were performed in MCNP PoliMi [14] as an exploration of how uranium signatures vary with enrichment. This is an effect that we cannot look at experimentally, due to lack of access to enriched uranium. The same 18-kg annular casting of uranium used in these measurements was compared to an enriched uranium version of the same geometry. The results are not shown for brevity, but can be seen in [15] . The main difference between the two was the abundance of low-energy photons, which makes sense due to the increased fission activity in the enriched uranium casting. Given the low geometric efficiency of the HPGe detector, this increased number of photons is unlikely to overwhelm the detector experimentally. However, it is important to consider that gamma-ray peaks will likely have a reduced signal to BR below around 3 MeV.
B. Investigation of Signature Induced From Fission
It has been established that this technique can be used to specify a target and that polyethylene and aluminum-shielding DU can be identified by the characteristic peaks, all in a timely manner. Now the contribution of the signature from the fission neutrons will be investigated.
Two measurements of each shielding type were performed for 20 min each: the DU casting with shielding and the tungsten casting with shielding. This was done to see if the characteristic peaks are different between the shielded DU and tungsten, which each have similar levels of gammaray attenuation. If the characteristic peak is larger on the shielded DU spectrum compared to shielded tungsten, it could signify fission neutrons activating the shielding material in a detectable way.
VI. RESULTS
The resulting spectra are shown in Fig. 7 for polyethylene and Fig. 9 for aluminum. Comparing the carbon peaks of the shielded uranium and tungsten in Fig. 7 , it is not possible to visually determine a difference in the number of counts; the 4.44 and the 3.93 MeV peaks both appear to be comparable. Comparing aluminum-shielding DU with tungsten to search for fission-induced signatures.
Integrating both peaks for each inspection object, the 4.44 MeV peak builds at a rate of 7.5 ± 0.7 cpm for uranium and 5.3 ± 0.7 cpm for tungsten. The first escape peak builds at a 2.4 ± 0.8 cpm for uranium and 3.1 ± 0.8 cpm for tungsten. The range of total counts is visually represented in Fig. 8 . The 4.4 peak is higher for uranium than tungsten in a statistically significant way, though by a small margin. The escape peaks are comparable. The difference between the shielded uranium and tungsten 4.4-MeV peaks is interesting, but not very convincing and actually the same within 5 sigma. However, considering that the contribution from the fission neutron-induced signature is expected to be at most a few percent of the total counts, this could be what is causing the difference between the two.
The polyethylene is an interesting shielding material to investigate primarily because it is an effective neutron moderator, so a technique that could provide an indirect signature would be useful. Aluminum is primarily interesting because it is also a relatively low-Z material and has multiple characteristic gamma rays to investigate. The strongest characteristic gamma rays are labeled in Fig. 9 , and the results of the range of total counts is summarized in Fig. 10 .
Based on the significant difference between the lowest energy characteristic gamma ray of 844 keV, there is a strong enough difference between the results from the uranium and tungsten that there are likely significant characteristic gamma rays being produced by fission neutrons. The fact that the difference between the characteristic gamma rays in the uranium and tungsten objects decreases as the gamma ray energy increases makes sense because the fission neutrons are less likely to have enough energy to induce a significant rate of excitations.
VII. CONCLUSION
The explorations leading up to looking for this fission signature gave positive results, showing the usefulness of source-correlated prompt gamma-ray spectrometry toward the goal of identifying and localizing material. The positive results are in line with previous research that has been done by other groups, as discussed previously. However, many of the previous studies focused on bulk items, correlating larger pixel segments to much larger target objects such as shipping containers, as opposed to differentiating adjacent smaller target objects.
This paper was primarily focused on building confidence in the ability of this technique to localize and identify material in a target object in a timely manner, and determine whether or not a significant fission neutron-induced signature could be seen.
The results from this series of measurements show that we are most likely seeing characteristic gamma rays induced by fission neutrons for lower energy characteristic gamma-ray peaks, which can be induced by a greater portion of the fissionenergy neutron spectrum. It is possible, but not conclusive, that there were contributions from the fission neutrons in the characteristic carbon peak. It is much more likely that the significant difference in the 844-keV-characteristic aluminum peak contained fission neutron-induced gamma rays. The results suggest that the signature is significantly stronger for characteristic gamma rays below 1 MeV. However, low-energy noise may begin to degrade the quality of the spectrum for higher enrichment uranium targets, particularly as increases in gamma rays directly from fission would also scale up with increasing enrichment.
Future studies could adjust source neutron rate, detection efficiency, and correlation time window in order to see a stronger fission neutron-induced signature. Since multiple neutrons are released from a single-source-correlated fission chain, an interesting investigation could be to look for correlated fission-neutron-induced characteristic gamma rays, though the detector efficiency would likely need to be increased significantly.
